Spatial attention may be used to select target speech in one location while suppressing 16 irrelevant speech in another. However, if perceptual resolution of spatial cues is weak, 17 spatially focused attention may work poorly, leading to difficulty communicating in noisy 18 settings. In electroencephalography (EEG), the distribution of alpha (8-14 Hz) power over 19 parietal sensors reflects the spatial focus of attention (Banerjee et al., 2011; Foxe and 20 Snyder, 2011). If spatial attention is degraded, however, alpha may not be modulated 21 across parietal sensors. A previously published behavioral and EEG study found that, 22 compared to normal-hearing (NH) listeners, hearing-impaired (HI) listeners often had 23 higher interaural time difference (ITD) thresholds, worse performance when asked to report 24 the content of an acoustic stream from a particular location, and weaker attentional 25 modulation of neural responses evoked by sounds in a mixture (Dai et al., 2018). This 26 study explored whether these same HI listeners also showed weaker alpha lateralization 27 during the previously reported task. In NH listeners, hemispheric parietal alpha power was 28 greater when the ipsilateral location was attended; this lateralization was stronger when 29 competing melodies were separated by a larger spatial difference. In HI listeners, however, 30 alpha was not lateralized across parietal sensors, consistent with a degraded ability to use 31 spatial features to selectively attend. 32 WEAK NEURAL SIGNATURES IN IMPAIRED LISTENERS 3 Weak neural signatures of spatial selective auditory attention in hearing-impaired listeners 33 57
Introduction 34
Knowing where to attend is often helpful when trying to communicate in noisy press. Subjects were given 1.5 s to respond after which visual feedback was given to 139 indicate if the response was correct or not. 140 Training took place before testing to ensure that subjects could properly identify 141 pitch contours of a single melody in quiet. This training consisted of two 12-trial blocks of 142 a single stream. The first block tested leading streams (lowest F0), and the second block 143 tested lagging streams (middle F0). Subjects were required to performed additional blocks 144 until they achieved 8 of 12 correct trials for 7 consecutive blocks. HI listeners were ≥ 25 dB HL at one or more frequencies from 250-8,000 Hz, and threshold 151 differences between the two ears were ≤ 20 dB at each frequency. NH and HI groups did 152 not differ significantly in age (two-sided Wilcoxon Rank Sum test; rank sum = 329, P = 0. 153 5651) (Dai et al., 2018) . 154 Stimuli were presented at 70 dB sound pressure level (SPL) for all NH listeners. For 155 HI listeners, the level was adjusted, starting at 70 dB SPL and increasing in steps of 5 dB 156 until a comfortable level was reached. Of the 15 HI listeners, 5 settled on 75 dB SPL while 157 the remaining 10 settled on 70 dB SPL. These levels were used in training, prior to the 158 testing. Therefore, given that all HI listeners were able to perform the melody contour 159 identification task in quiet, audibility of the melodies was not a limiting factor in their 160 performance. 161 All subjects gave informed consent before participating, and were compensated at an 162 hourly rate and also paid a bonus of $ 0.02 for each correct response in order to maintain 
Data Analysis

180
EEG Processing. Raw EEG data were first filtered from 1.5 to 50 Hz using a 181 6,000-point FIR band-pass filter. Data were then epoched and downsampled to 256 Hz 182 before band-pass filtering again from 2-25 Hz. Scalp voltages were transformed to current 183 source density (CSD) using CSD Toolbox (Kayser and Tenke, 2006) . This transform has 184 been shown to reduce spatial noise, which is useful when localizing alpha over parietal 185 sensors (McFarland, 2015; Kayser and Tenke, 2015) . No other artifact rejection was Induced Alpha Power. To obtain the induced alpha response, we first removed 189 phase-locked, or evoked activity. The evoked response was first calculated by averaging 190 epochs across trials in each condition for each subject. This trial-average was then 191 subtracted from each epoch to remove the phase-locked component for each trial. A 192 short-time Fourier transform was then applied to each trial to estimate the power at each 193 frequency in the alpha band (8) (9) (10) (11) (12) (13) (14) . For each subject, an individual alpha frequency 194 (IAF) was determined by finding the frequency in the range of 8-14 Hz whose magnitude 195 was largest across cue-left and cue-right conditions in 10 parietal and occipital channels 196 (P4, P8, PO4,O2, P3, P7, PO3, O1, Oz, Pz). Once an IAF was selected, power was 197 extracted at this frequency to produce a single time series for each trial in each EEG 198 channel.
199
For each subject, average alpha power over time was estimated for each condition 200 using the median across all trials in that condition. First, attend leading and lagging trials 201 were combined within each spatial attention condition (i.e., attend-left and attend-right).
202
The median was then taken across the combined trials to estimate the average alpha power 203 time series in each channel. The median was used instead of the mean in order to obtain 204 an estimate that was robust to outliers, since no artifact rejection was performed. These 205 trial-averaged time series were then normalized for each subject by dividing each time 206 point by the average alpha power across time, sensors, and experimental conditions. Grand 207 averages were obtained from these normalized time series. Quantities shown on topoplots 208 represent averages across the stimulus period (0-3.14 s).
209
An attentional modulation index of alpha power, AMI α , was quantified for each 210 subject, and is given by Eq. 1.
Note that α ipsi is the average alpha power during the stimulus period, measured ipsilateral 212 to the cued sequence (e.g., average alpha in left parietal channels during attend-left trials), 213 and α contra is this average alpha power, measured contralateral to the cued sequence, (e.g.,
214
average alpha in right parietal channels during attend-left trials). Positive values of AMI α 215 indicate that alpha power was overall larger when subjects attended the ipsilateral stimuli 216 (i.e., the alpha response over a particular set of cortices was greater when ignoring the 217 contralateral stimuli), as expected. Averages were calculated across left and right parietal 218 and occipital channels separately, depending on the attention condition (i.e., left channels 219 P3, P7, PO3, O1 for α ipsi in attend-left trials and right channels P4, P8, PO4, O2 for α ipsi 220 in attend-right trials).
221
Significance Testing. We asked if there were differences in alpha modulation 222 (AMI α ) between NH and HI listeners in any of the ITD conditions tested. To determine if 223 there were significant differences, we used a two-way mixed factors ANOVA, with the 224 between-groups factor being hearing status (two levels: NH and HI) and the within-groups 225 factor being ITD condition (two levels: small and large ITD). Kolmogorov-Smirnov tests of 226 normality were conducted before obtaining ANOVA results. Tukey's HSD was used post 227 hoc to compare AMI α between ITD conditions within each group (NH and HI).
228
One-sample t-tests were also used post hoc to determine if AMI α was significantly greater 229 than zero. A two-way mixed factors ANOVA was also used to determine if differences in 230 performance measures existed in the subset of trials reported here, which did not include 231 attend center trials analyzed in (Dai et al., 2018) . A t-test was used to determine if ITD 232 thresholds were significantly different between NH and HI listeners, and Pearson's method 233 was used quantify the correlation between these ITD thresholds and performance measures.
234
Results
235
Behavior 236 HI listeners performed worse on the task, and had higher ITD thresholds 237 than NH listeners. As we previously reported (Dai et al., 2018) , HI listeners performed 238 significantly worse on the spatial attention task than NH listeners. This result is 239 summarized here by comparing the average percent correct scores, collapsed across 240 attend-left and attend-right trials in each ITD condition ( Fig. 2A) . A two-way mixed 241 ANOVA confirmed significant main effects of hearing status (F (1, 38) = 11057, p = 0.0001) 242 and ITD condition (F (1, 38) = 186.05, p = 0.0003) on percent correct scores, and no 243 significant interaction. Thus, HI listeners performed significantly worse on the task than 244 NH listeners, and increasing the perceived spatial separation significantly improved 245 performance overall.
246 Figure 2B shows ITD thresholds for NH and HI subject groups. ITD thresholds were 247 measured separately for the leading, low pitch stimuli, and the lagging, high pitch stimuli.
248
Since these thresholds were not significantly different within subjects for the two different 249 stimuli, we averaged the two measured ITD thresholds for each subject. The average ITD 250 threshold for NH listeners (23.46 ± 11.79 µs, mean ± std. dev) was significantly lower than 251 that for HI listeners (67.81 ± 60.02 µs, mean ± std. dev) (p < 0.01, t-test). These results 252 confirm that these HI listeners had significantly poorer spatial acuity than the NH listeners 253 in our experiment. Previous results published in (Dai et al., 2018) found a significant 254 correlation between average ITD threshold and average performance on the task for both 255 NH and HI listeners. This correlation remained for the subset of data analyzed here, which 256 excluded "attend center" trials; only trials for which the target was to the left or right were 257 included (NH: r = −0.48, p = 0.0148, HI: r = −0.59, p = 0.029).
258
Induced Alpha Power
259
In NH listeners, alpha was lateralized over parietal sensors, and this 260 lateralization was stronger in the large ITD condition. Figure 3A small and large ITD conditions, we see that this alpha modulation with the direction of 283 spatial attention was stronger when the perceived spatial separation was large.
284
In HI listeners, no alpha lateralization was observed across parietal 285 sensors in either small or large ITD condition. Figure 4A shows the time course of 286 alpha power averaged in parietal-occipital sensors for HI listeners. Unlike in NH listeners, 287 alpha power in HI listeners did not appear to be modulated over time in either left or right 288 sensors in either attention condition; alpha power did not even decrease after presentation 289 of the visual cue as it did in NH listeners. There also appears to be no difference, in either 290 set of parietal sensors, between attend-left and attend-right trials during the stimulus 291 period. These results are similar between small and large ITD conditions.
292
Average alpha power during the stimulus period is shown in Fig. 4B . Here, we see the 293 same asymmetry observed in NH listeners: greater alpha power in right parietal-occipital 294 sensors than left sensors. However, unlike in NH listeners, there appears to be no 295 substantial difference in any of these sensors between attend-left and attend-right trials 296 ( Fig. 4C ). Assuming alpha lateralization is an indication that spatial features are being 297 used for selective attention, these results suggest that HI listeners do not use these spatial 298 features. Increasing the perceived spatial separation did not increase the amount of alpha 299 modulation observed across parietal sensors.
300
There was a significant interaction between hearing status and perceived 301 spatial separation. In order to characterize overall alpha modulation, we collapsed the 302 alpha differences shown in Figs. 3C and 4C across parietal sensors that were mirrored 303 across hemispheres, as shown in Fig. 5A . Here, alpha power is represented as the 304 generalized difference between ipsilateral and contralateral attention conditions. In NH 305 listeners, alpha power was greater in a particular set of parietal-occipital sensors when 306 subjects were attending the ipsilateral sequence (i.e., ignoring the contralateral sequence).
307
We found no difference between ipsilateral and contralateral attention conditions in HI 308 listeners, however.
309
AMI α was quantified for each subject and is shown in Fig. 5B . We asked whether 310 there were significant differences in AMI α between NH and HI listeners performing an 311 auditory spatial attention task. The results of a two-way mixed ANOVA found no 312 significant main effect of either hearing status (F (1, 38) = 0.157, p = 0.694) or ITD 313 condition (F (1, 38) = 0.172, p = 0.681). However, there was a significant interaction 314 between the two factors (F (1, 38) = 5.06, p = 0.0303). Tukey post hoc testing revealed that 315 there was a significant difference in AMI α between large and small ITD conditions in NH 316 listeners (p = 0.036), but not in HI listeners (p = 0.253), suggesting that a larger perceived 317 spatial difference contributes to greater alpha lateralization in NH listeners, but not in 318 those with degraded spatial acuity. While it may initially seem surprising that there was no main effect of hearing status on alpha modulation, further analysis revealed that for NH 320 listeners, AMI α was significantly greater than zero for the large ITD condition (p = 0.028, 321 t-test), but not for the small ITD condition (p = 0.137, t-test), whereas for the HI listeners, 322 it was not significantly greater than zero in either condition. Thus, there is a floor effect on 323 the results: alpha lateralization was only significant for the "best" listeners (the NH 324 listeners) in the large ITD condition. This suggests that unlike NH listeners, HI listeners 325 may not depend on spatial cues to maintain attention on the target stream even in the 326 large ITD condition.
327
Discussion
328
To perform this task, listeners had to rely on spatial cues, at least initially. 329 In our task, the target on a given trial could be either the leading or lagging stream, and 330 the target could come from left, right, or center with equal likelihood. The leading, lagging, 331 and distractor streams differed from one another consistently in their pitch and timing 332 cues. However, the target was only defined by the visual cue for which direction to attend.
333
Thus, all listeners had to initially use spatial information in order to select the target 334 stream from the sound mixture.
335
All of our NH listeners performed well above chance in all conditions (Dai et al.,
. While there were a few HI subjects who performed near chance in some spatial 337 configurations (see Figure 2B in (Dai et al., 2018) for details), most performed well above 338 chance levels. Thus, our results suggest that even in our HI group, most listeners were 339 effective at using spatial attention to focus on the target melody, at least to some degree.
340
Once a target melody was the focus of attention, listeners could maintain attention 341 on that target without using spatial information: the target always differed from the 342 competing melodies in its pitch range and its note timing. In the current study, we do not being used in a given study, and what is limiting performance.
360
If the spatial separation between competing sounds is large, even HI listeners with 361 poor spatial acuity may be able to use spatial information effectively. For instance, one 362 study of NH and HI listeners examined speech-in-noise performance when presenting two 363 speech streams played with ITDs of −700 µs and +700 µs (an ITD difference of 1.4 ms)
364
(Lőcsei et al., 2016). In this case, the large separation benefited both NH and HI listeners 365 by roughly the same amount; moreover, ITD thresholds did not correlate with performance.
366
Another study (by the same research group in (Lőcsei et al., 2016)) found a 367 significant correlation between ITD sensitivity and the ability to understand speech that is 368 spatially separated from a target (Strelcyk and Dau, 2009) . Importantly, in this study, the 369 target was diotic and a single masker was played from left or right with an ITD of 740 µs 370 (about half the spatial separation between sources used in (Lőcsei et al., 2016) ). When the spatial separation of sources is closer to the perceptual limit, it makes sense that ITD 372 sensitivity is closely related to performance.
373
In our study, there were three competing streams that were separated by 799 µs in 374 the large ITD case (and by only 205 µs in the small ITD case). Given that even our "large"
375
ITD was smaller than that used in many studies, and given that our listeners heard a 376 relatively complex scene with three concurrent streams, it is therefore not surprising that 377 spatial acuity was directly related to the ability to perform the task.
378
Given these results, we did look to see whether the degree of alpha lateralization in 379 an individual subject was related to their task performance. However, we found no such 380 relationship. Importantly, our alpha lateralization metric only quantifies sustained spatial 381 attention, so this is not particularly surprising. We suspect that in the right experiment, , 2011; Händel et al., 2011; Payne et al., 2013; van Diepen et al., 2016) , considerably 394 fewer have addressed alpha as a correlate of auditory spatial attention (but see (Kerlin 395 et al., 2010; Banerjee et al., 2011; Wöstmann et al., 2016) ). Here, we provide additional 396 evidence for parietal alpha lateralization as a correlate of auditory spatial attention. In NH 397 listeners, we observed that mean alpha power was greater in a particular set of parietal 398 sensors when subjects attended the ipsilateral melody (i.e., ignoring the contralateral 399 melody) when ITDs were large.
400
NH listeners showed less alpha lateralization for small ITDs than for large ITDs, and 401 the lateralization was only significant for large ITDs. This pattern may be explained by 402 two (not mutually exclusive) effects.
403
First, in another study from our lab, we have observed that alpha lateralization -Cunningham, 2019 ). In the current study, small ITDs may have been less reliable 414 than the pitch separations and timing regularities of the streams in maintaining attention, 415 so that alpha lateralization averaged over the three seconds of stimulus presentation was 416 not significant. In contrast, when the ITD separation was large, it may have been more 417 reliable than the pitch cue for our NH listeners, leading to significant sustained alpha 418 lateralization in these trials. Indeed, previous studies have shown that when there are 419 redundant features, their relative strengths determine how much influence each has on 420 attention to an ongoing sound stream: as one feature becomes relatively stronger in 421 differentiating competing streams, that feature is more influential, and vice versa (Maddox 422 and Shinn-Cunningham, 2012). 423 We therefore believe that the difference in NH listenersâĂŹ alpha lateralization for 424 small and large ITD conditions comes about through some combination of two factors.
Shinn
Specifically, alpha lateralization seems to scale with the spatial eccentricity of the target, 426 and listeners may rely more heavily on spatial cues for larger spatial separations than for 427 smaller separations.
428
In HI listeners, alpha was never significantly lateralized, suggesting that 429 HI listeners do not rely strongly on spatial cues to maintain attentional focus. 430 Our HI listeners showed no significant alpha lateralization, even in large ITD trials. As 431 already reported (Dai et al., 2018) , our HI listeners also had worse spatial sensitivity than 432 did our NH listeners. Indeed, many of our HI listeners had ITD discrimination thresholds 433 similar in magnitude to the spatial separation of adjacent streams in the small ITD 434 condition (see (Dai et al., 2018) ). To the extent that listeners focus attention to different 435 features based on their relative perceptual reliability, it makes sense that compared to NH 436 listeners, our HI listeners rely more on pitch differences across the streams to maintain 437 focus on the target melody. This likely explains why HI listeners, as a group, showed no 438 significant alpha lateralization even for large ITD condition when averaging over the 439 duration of the roughly 3-s-long trials, while NH listeners did.
440
Even though the HI listeners in the current task did not appear to maintain focus 441 using spatial attention, as noted above, most performed the task above chance levels and 442 thus used spatial cues at least initially. The failure of our HI listeners to show sustained 443 alpha lateralization suggests that once the HI listeners (or perhaps even the NH listeners 444 attending to sources separated by small ITDs) "latched on" to the target, they did not 445 maintain attention using spatial focus, relying instead upon the pitch differences between 446 sources and the regular timing of the notes within the target melody. Each trial presented three simultaneous melodies. Each melody consisted of a collection of high and low notes that formed one of three classes of pitch contours: "rising", "falling", or "zigzagging". A distractor melody that was never the designated target always started first, with complex tones of fundamental frequency 276 Hz or 317 Hz. Next, the leading melody started, with each note having a fundamental frequency of either 177 Hz or 194 Hz.
Finally, the lagging melody started, with fundamental frequencies that were either 113 Hz or 124 Hz. (B) For each trial, subjects fixated on a central point until a visual cue was given to either attend left, right, or center. On each trial, the correspondence between streams (distractor, leading, and lagging) and direction (left, right, and center) was selected randomly. Left and right melodies were spatialized using symmetric ITD pairs, and two conditions were tested: one with small ITDs (light blue) and one with large ITDs (dark blue). After stimulus presentation, subjects were asked to report the pitch contour of the cued melody and were given visual feedback on the correctness of their response. for each subject in small (light blue) and large (dark blue) ITD conditions. Asterisks indicate significant differences between ITD conditions at the α = 0.05 significance level (Tukey's HSD). AMI α was only significantly greater than zero for NH listeners in the large ITD condition (p = 0.028, t-test).
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